Microbiological testing is an integral part of measures to ensure safe drinking water. However, testing can be restricted in low-resource settings by the requirement for specialized laboratory facilities and testing procedures. Precisely controlled incubation temperature is one example. The effect of varied incubation temperatures on the performance of two enzyme substrate tests for the detection of Escherichia coli and total coliforms has been examined. The aim was to determine whether these tests would provide consistent and comparable enumeration over a broader temperature range than currently specified. Recovery of chlorine-injured and wild type E. coli was examined over a range of non-standard incubation temperatures in comparison to 37 W C ± 1.
INTRODUCTION

Microbiological testing of drinking water is an increasingly important component of global efforts to reduce waterrelated disease (UNICEF & WHO ; Bain et al. a).
This is evident in the post-2015 targets for water, sanitation and hygiene, proposed recently by a UNICEF/WHO working group, which place greater emphasis on water quality, mentioning specifically the measurement of Escherichia coli in drinking water (JMP ). In many areas of developing countries, however, the ability to conduct microbial testing is constrained due to a shortage of laboratory facilities, trained personnel and essential infrastructure, such as electricity supply.
A recent review of currently available water quality tests found many to be of limited suitability for use in resource-poor settings (Bain et al. b) . A contributing factor is the difficulty of conducting tests in a manner that complies with regulations and standard operating procedures.
One standard that is difficult to adhere to in developing countries is tightly controlled incubation temperature. Tests for total coliforms and E. coli are generally incubated at
35
W C ± 0.5 in the USA and 37 W C ± 1 in the UK (APHA ; Standing Committee of Analysts ). The International Organization for Standardization encompasses both of these by specifying 36 W C ± 2 (ISO , ).
There are some differences when comparing E. coli incubation temperature standards used in other disciplines. For example, in the testing of dairy products using an enzyme substrate test (Petrifilm™), a temperature of 35 W C ± 1 is recommended (APHA ). A laboratory or testing facility in a developing country may not have an incubator capable of maintaining temperature within such tight tolerances.
In addition, the lack of a reliable electricity supply would limit the operation of an incubator in many lowresource settings. Access to electricity has been highlighted in developing countries (Malkin ; Howitt et al.  
MATERIALS AND METHODS
The incubation temperature ranges for Colilert and Aquatest medium were established by comparing the recovery of both chlorine-injured and wild type E. coli, when the tests were incubated at non-standard temperatures in comparison to a reference of 37 W C ± 1. Chlorine injury is used to approximate a water treatment process (USEPA ).
It also presents a greater challenge to the test media, as recovery of chlorine-injured E. coli takes longer and is more sensitive to the test environment (McFeters et al.
).
The effect of non-standard temperatures on total coliform recovery was also assessed for Colilert. Both media were used in combination with IDEXX QuantiTrays™.
Microorganisms
For use in the chlorine-injury study, E. coli NCTC 9001 were obtained from the Health Protection Agency, Bristol, UK, and maintained on Microbank™ beads at À80 W C until required. For testing using wild type E. coli and total coliforms, a 500-ml sample of Bristol harbour water was collected in a sterile container from Prince Street Bridge, Bristol, and transported to the laboratory on ice. A fresh sample was obtained prior to each test. The initial concentration of E. coli and total coliforms in the sample was evaluated using Quanti-Tray and Colilert medium. Characteristics of the raw water were as follows: source temperature 9-15 W C; pH 7.89-8.36; total coliform concentration as most probable number (MPN) 10.76 MPN ml À1 to >200.5 MPN ml À1 ; E. coli concentration 2-65.9 MPN ml À1 .
Growth media
The two growth media used in this study were Colilert and Tests using wild type E. coli were performed following enumeration of the sample and 24-30 h from sample collection. The procedure was similar to that for injured E. coli.
The sample was diluted with sterile deionized water containing either Colilert or Aquatest medium, to give 1.2 L with an E. coli concentration of approximately 10-30 E. coli per 100 ml. The remainder of the test was performed as above.
For raw water tests using Colilert, total coliform results were also recorded.
Statistical analysis
The Student t-test was used to assess difference in recovery between alternative temperatures and the control. A one tailed t-test was performed between the control QuantiTrays incubated at 37 W C ± 1 and the alternative temperature Quanti-Trays. A one tailed t-test was selected as the objective was to determine whether the alternative temperature resulted in a lower recovery than the control, that is, H 0 :
alternative temperature recovery ! control recovery; H 1 : alternative temperature recovery < control recovery. The null hypothesis was rejected for p < 0.05. Unless specifically mentioned, instances where the alternative temperature yielded higher recovery than the control are regarded as not significant and are marked p > 0.5.
Data of this nature can be assumed to be represented better by a lognormal distribution (Cochran ) . The aforementioned analysis was also performed on log-transformed data, and in addition a non-parametric Mann-Whitney U test was conducted. In general, there was very good agreement between the three tests; whilst there were small differences in p-value, the nature of the results were consistent. For clarity, only the analysis of untransformed data is presented herein. Analysis was performed using SPSS Statistics version 19 and Microsoft Excel 2007.
RESULTS
The temperature ranges over which Colilert and Aquatest medium were used without loss of performance for the detection of wild type and chlorine-injured E. coli are presented in Table 1 . These temperatures represent the maximum and minimum incubation temperatures that did not result in a significantly lower recovery of E. coli in comparison to a control incubation temperature of 37 W C ± 1 (Student t-test, p < 0.05).
Percentage recovery at all non-standard incubation temperatures relative to 37 W C ± 1 is shown in Figure 1 for Colilert and Figure 2 for Aquatest medium. In general, all temperatures within the limits stated in Data on total coliform recovery are only available for Colilert, as Aquatest medium does not contain a total coliform substrate. Percentage recovery of total coliforms using Colilert is presented in Figure 3 . The minimum temperature at which Colilert could be used without producing a significantly lower recovery was 29 W C; however any temperature above the 37 W C control, i.e. 39 W C and above, gave a significantly lower recovery (p < 0.05). In addition 31
and 33 W C resulted in substantially higher recoveries than 37 W C, 143 and 188% respectively. To assess whether these were significantly higher, a one tailed t-test was performed with reversed hypotheses. Both of these were found to be significant, with p-values of 0.043 and 0.003, respectively. At these temperatures, recovery of E. coli was not significantly different, implying that the test was recovering more total coliforms that are not E. coli. Total coliform recovery values using Colilert are presented in supplementary information (Table S5 , available online at http://www.
iwaponline.com/wh/012/076.pdf).
DISCUSSION
E. coli test performance
This study demonstrates that two water quality tests can recover E. coli without loss of performance over a wider range of temperatures than current standards specify. This applies to both chlorine-injured E. coli and to wild type E.
coli present in a raw water sample. Chlorine-injured organisms were more sensitive to non-standard incubation temperature than wild type. The raw water sample would have contained E. coli with an array of injury severity, whereas those in the injury study are all subject to severe stress and were used to represent a worst-case scenario for test performance. 
Total coliform test performance
One of the differences between the two media is the absence of a total coliform test in Aquatest medium. In Colilert this is provided by the galactosidase substrate ONPG, which releases the yellow-coloured nitrophenol dye when cleaved.
The nitrophenol has a quenching effect on the blue fluorescence of the MUG and as a result E. coli counts can be more difficult to read. It is possible that some Quanti-Tray wells contained slow-growing E. coli that produced weak fluorescence, which was masked by the yellow colour when the results were read. This could mean that stressed bacteria are more detectable in the Aquatest medium, which is not subject to the quenching effect of ONPG.
This offers one potential explanation as to why Colilert appears to be less robust to low temperatures where the E.
coli can be expected to grow more slowly.
The fact that the total coliform component of the Colilert test appears more sensitive to high temperatures is not surprising; the total coliform group consists of a number of different organisms, some of which are of environmental origin and will therefore be more acclimatized to lower temperatures than enteric bacteria (Leclerc et al. ) . As a group of organisms, it is also possible that the optimum temperature range for total coliforms, being a composite of several different temperature ranges, may be relatively narrow and it may also vary from source to source depending on the relative populations.
Implications
In demonstrating that the incubation range can be broadened 
CONCLUSIONS
Two enzyme substrate methods for the detection of E. coli in drinking water, Colilert and Aquatest medium, can be incubated over a broader range of temperatures than currently specified, without loss of performance in comparison to 37 W C ± 1. This is standard incubation temperature for E.
coli test media, including enzyme substrate methods, as stated by the UK Environment Agency (Standing Committee of Analysts ). Aquatest medium is more robust to nonstandard temperatures than Colilert, and for both media E.
coli from a raw water sample were recovered over a wider temperature range than E. coli injured by exposure to chlorine. Relaxation of temperature tolerances would instil greater confidence in the use of alternative incubation methods; expanding water quality monitoring and reducing incidence of water-related disease in remote and impoverished areas.
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